Capture and removal of space debris are challenging in robotic on-orbit servicing activities. A large portion of space debris does not possess any graspable features, which makes the conventional grippers inapplicable. To handle such nongraspable objects, a space robotic capture system is presented. A dual-arm space robot simulator that has the advantages of miniaturization and scalability is designed for ground tests. Inspired by the robotic caging, we propose a novel capture method that uses a series of hollow-shaped end-effector pairs to cage the antipodal pairs of the nongraspable objects. To apply the caging-pair method steadily, space robots need exerting a squeezing action on objects, which can be characterized by the motion and force manipulation of two robotic arms in the assigned directions. Based on the velocity and force manipulability transmission ratios, a caging compatibility index is proposed to describe the capturing ability in this manner. Via the optimization of the desired caging compatibility index, an effective algorithm is proposed to plan the near-optimal joint configurations for the pregrasping cages. Finally, both simulation studies and experimental tests are conducted to evaluate the performance of the proposed capture method.
I. INTRODUCTION
R ECENTLY, the gradual accumulation of space debris has increased the probability of collisions between the debris and on-orbit satellites. This threatens the long-term security and stability of the space environment. Active debris removal has become an essential task for the entire spaceflight community [1] . Most space debris comes from the abandoned rocket bodies, defunct satellites, their exploded fragments, space rocks, and out-of-control spacecraft, which are typically called the noncooperative objects [2] . The development of space robotic technologies for dealing with noncooperative objects has attracted substantial interest [3] .
Several on-orbit servicing projects, for example, the Phoenix program and the robotic servicing of geosynchronous satellites, have emphasized the consideration of noncooperative objects [4] as they exhibit numerous uncertainties in shape and size. In this study, from the point of implementing grasping using the conventional grippers, we classify space objects into the graspable and nongraspable objects (typical examples are presented in Fig. 1(a) and (b), respectively). Graspable objects have graspable fixtures, whereas nongraspable objects do not possess such graspable features and cannot be grasped by the conventional grippers. To avoid ambiguity, grasping is distinguished from capturing. Capturing includes a wide range of strategies for controlling the mobility of an object [2] , whereas grasping is to hold an object firmly, which is one of the many capturing methods. In current, most studies focus on capturing and stabilizing the graspable objects, and their graspable features include payload adapter rings [5] , engine nozzle cones [6] , solar panel brackets [7] , and other customized grapple fixtures [8] , [9] . Yoshida et al. [6] proposed an impedance matching method for capturing a simulated satellite. Moosavian et al. [10] proposed a multiple impedance control for a dual-arm system to manipulate a cooperative object. Aghili [11] proposed an optimal estimation and planning method for capturing tumbling objects. Mccourt and de Silva [12] proposed a constrained predictive control strategy for capturing a spinning simulated satellite. Huang et al. [13] proposed a spacecraft attitude takeover control scheme for stabilizing the graspable objects in the postgrasping phase. For these capture tasks [5] - [13] , the research objects are the graspable objects and robotic arms and grippers are the common tools. In addition, universal grippers based on the jamming of granular material [14] or underactuated fingers [15] , [16] have been developed for realizing the adaptive capture of irregular objects. Due to the vacuum and high-temperature-difference environment and practical factors, such as weight and volume restriction requirements, these methods [14] - [16] are impracticable for grasping the nongraspable objects in space [17] . For dealing with this class of objects, two main strategies are employed: one is to use the flexible capturing theories and methods, including tether nets [18] , [19] , tether grippers [20] , [21] , robotic capsules [22] , and robotic tentacles [23] ; the other is to capture objects using robotic arms with customized capture effectors, of which end-effectors are the most important tools as they can directly determine the success of tasks [24] . An innovative strategy is proposed for adhering directly to the surfaces of objects and an electroadhesive gripper [17] and a gecko-inspired adhesive gripper [3] are developed for capturing the nongraspable objects. A microspine effector [22] is proposed for capturing asteroids.
The flexible methods are considered attractive solutions because they are adaptive for graspable and nongraspable objects, regardless of shape features. However, in practice, the flexible capturing methods [18] - [21] are not easy to implement. The main challenge in using tether nets and grippers is to properly fold, release, and control them because their flexible materials easily become entangled, which may result in the failure of the entire mission. Their low reusability is another intrinsic weakness and cannot be ignored. The main drawbacks of the robotic tentacle [23] are its limited manipulability and low reliability. The main preconditions for using the adhesive grippers [3] , [17] are that the objects must have the smooth and flat surfaces to ensure a large contact area and adhesive force, and they are susceptible to the space environment. For the two methods in [22] , the underlying strategy of the capture effector is to form robotic cages for capturing various objects; however, the unit-type cage is accompanied by limited caging volume and manipulability. The main objective of the caging process is to confine an object within a region, similar to a birdcage; it is a purely geometric method without the force analysis [25] .
In summary, for practical applications, the capturing methods are desired to satisfy the following requirements: 1) reliability, to guarantee the performance of the capturing tools in implementing and executing the capture tasks; 2) robustness, to overcome the uncertainties from objects and the space environment;
3) reusability, to ensure that the capturing devices can be reused many times. As we stated earlier, the nongraspable objects are of various shapes and sizes and there is no universal method for dealing with all types of nongraspable objects. In Fig. 1(b) , some typical objects with convex hulls are selected as our simulated objects such as satellite structures and space rocks. Inspired by the robotic caging capture, we propose a novel caging-pair method that adopts a series of geometric effector pairs to form the combined robotic cages for capturing the nongraspable objects. Compared with the unit-type caging method [22] , the caging-pair method has more dexterous manipulation ability. In addition, based on the principle of geometric constraints, the proposed method is intrinsically robust and reliable in dealing with the shape and environment uncertainties. The main contributions of this article are summarized as follows.
1) A caging-pair method that uses a series of hollow-shaped end-effector pairs is proposed to form the combined type of robotic cages for capturing the nongraspable objects. 2) A free-flying space robot simulator is developed to evaluate the proposed method, which has the advantage of scalability for changing the joint modules and end-effectors. 3) Based on the concept of task compatibility, we propose a caging compatibility index to describe the capturing capability of the caging-pair method. 4) Based on the caging compatibility, an effective algorithm is proposed for planning the joint configuration of pregrasping cages to realize a desired robotic cage. The rest of this article is organized as follows. Section II describes the system design of the simulator. Section III analyzes the kinematics and statics of the dual-arm space robot. Then, the caging-pair method, the end-effector design, and the caging compatibility index are introduced in Section IV. In Section V, the planning algorithm, simulation studies, and experiments are conducted to evaluate the proposed method. Finally Section VI concludes this article.
II. SPACE ROBOT SIMULATOR DESIGN
With the development of space robotics, researchers have focused on the dual-and multiarm space robots because of their dexterous manipulation capabilities [4] . In general, for space robots, there are two working modes: free-flying mode (both the position and attitude of the base are actively controlled) and free-floating mode (neither of them is controlled) [26] . Although the free-floating mode has the fuel-saving advantage, the dynamic coupling and singularity complicate the trajectory planning and control of the free-floating space robots [27] . In consideration of the operational accuracy and safety for space tasks, the bases of the free-flying space robots can be controlled to stay still. Thus, we aim at developing a dual-arm free-flying simulator for ground tests.
A. Related Work
Space robots operate in the microgravity atmosphere and some research institutes have developed various simulators over the past decades. For example, a neutral-underwater-buoyancy simulator was developed in [28] , the active and passive suspension systems were designed in [29] and [30] , hardware-in-theloop systems were proposed in [9] and [31] , and a planar airbearing simulator was developed in [32] . The buoyancy simulator can simulate the three-dimensional (3-D) motion; however, it causes the viscous resistance of water and incurs high maintenance costs. Similarly, suspension simulators cause frictional resistance and lead to low simulation accuracy. The hardwarein-the-loop method can realize high accuracy; however, it cannot authentically simulate the dynamic properties of the space robots. Although the planar air-bearing simulators can only simulate two-dimensional (2-D) motion, they generate a low frictional resistance and can realize high accuracy. Considering various factors (including accuracy, maintenance costs, and occupied area), we develop an air-bearing simulator [33] with scalability under laboratory conditions. The platform includes three subsystems: the mechanical structure design (see Figs. 2 and 3), the pneumatic system (see Fig. 4 ), and the electronic system (see Fig. 5 ). The corresponding details are introduced as follows.
B. Structural Design of the Air-Bearing Simulator
As illustrated in Fig. 2(a) , the dual-arm free-flying space robot simulator includes a main supporting structure, eight ducted fan propellers, and two three-degree-of-freedom (three-DoF) modular robotic arms (arm-a and arm-b). The supporting structure includes a supporting base, three air bearings, four supporting beams, and a supporting plane. It has the shape of a cubic frame (200 × 200 × 200 mm 3 ). The control components and two arms are fixed on the supporting plane, and the pneumatic components [in Fig. 2(b) ] are fixed on the supporting base. The supporting base is fixed on three air bearings, in which the ball end and ballend groove will achieve an automatic centering effect between the supporting base and air bearings. As illustrated in Fig. 2 (c), three circular grooves are set on the bottom of each air bearing. When the outlet pressure exceeds 0.3 MPa, an air film (5-10 μm) is generated between the air bearings and the granite table to keep the entire system floating freely. Furthermore, as illustrated in Fig. 3 , eight ducted fan propellers are orthogonally installed on the supporting beams to realize the decoupling free-flying motion. Here, the propellers on the same side can produce the translational motion (e.g., propellers 1 and 2 can generate the translational thrust in the direction of X 0 ) and the propellers on the diagonal can produce the rotating motion (e.g., propellers 3 and 7 can generate the rotating torque around Z 0 ).
C. Pneumatic System
As illustrated in Fig. 4 , the pneumatic system contains two loops: an inlet loop and an outlet loop. For the inlet loop, the manual valve should be switched ON, and the high-pressure regulator, the pressure regulator, and the stop valve should be turned OFF. When the rapid coupling interface is connected with a high-pressure nitrogen (N 2 ) source, the high-pressure N 2 will be transferred to the gas bottles via the manual valve. The volume and the nominal working pressure of each gas bottle are 0.22 L and 10 MPa, respectively. When gas bottles are filled with N 2 , the manual valve should be turned OFF. Pressure gauge 1 is used to indicate the pressure of gas bottles. For the outlet loop, the manual valve and two pressure regulators should be turned OFF and the stop valve should be switched ON. Then the high-pressure N 2 in gas bottles will pass through the high-pressure regulator, the filter, the pressure regulator, and the stop valve and, finally, reach the three-branch divider. The pressure of the high-pressure N 2 will be reduced to 0.6 MPa via the high-pressure regulator and, subsequently, to 0.3 MPa via the second pressure regulator. At last, the low-pressure N 2 will be sent to air bearings, thereby generating the air film between the air bearings and the granite table to support the simulator.
D. Electronic System
As illustrated in Fig. 5 , the electronic system includes the sensing, actuation, and control units. For the control unit, a host computer performs the task planning and an ARM Microcontroller (STM-32) is used for the on-board closed-loop feedback control. For the sensor feedback, a monocular camera is used to measure the position information of the simulator and an inertial measurement unit (IMU, MPU-9150) is used to measure the attitude information. Digital servos can be programmed to control the robotic arms and the ducted fan propellers can be controlled via the pulsewidth modulation technique. Wireless modules (NFR 24L01) are used for the signal transmission between the host computer and the on-board controller, and lithium batteries power the simulator.
III. FREE-FLYING SPACE ROBOT MODELING
In this section, we will establish and analyze the kinematic and static force models of the proposed dual-arm simulator in the free-flying mode. Moreover, considering the dynamic coupling effect, the base of the simulator is controlled to stay still when robotic arms are executing the capture task.
As illustrated in Fig. 6 , the proposed simulator is composed of a base and two arms (arm-a and arm-b). Symbols and variables are defined in Table I . Superscript (·) k indicates that the symbols and variables are defined for arm-k (in Fig. 6 , k = {a, b}); unless otherwise specified, all the symbols and variables are defined in the inertial frame Σ I .
A. Velocity Kinematics Analysis
For any two vectors, there exists a cross-product equation:
In Fig. 6 , two position relationships can be obtained as
where n k represents the number of bodies in arm-k. The velocity of the CoM of body i can be calculated as
The angular velocity of joint i and the end-effector of arm-k can be deduced as
The free-flying kinematic equation can be derived by combining (5) and (6) v
where θ k is the joint angle vector of arm-k,
represents the Jacobian matrix of the base that corresponds to arm-k; and J k M represents the Jacobian matrix of arm-k. For the free-flying mode, if the base can keep still, namely v 0 = 0 and ω 0 = 0 then (7) can be reduced to
where J k Mv represents the sub-Jacobian matrix that corresponds to the linear velocity terms. (11) is equivalent to the kinematic model of the base-fixed robots.
B. Static Force Analysis
When the end-effector contacts an object, it generates the force and torque on the contact point and surface. According to (11) , the static force of arm-k can be expressed as
where τ k is the joint torque vector of arm-k and
Mv is the force Jacobian matrix of arm-k; and f k E is the contact force of the end-effector of arm-k.
IV. CAGING-PAIR METHOD
Rodriguez et al. [34] investigated the relationship between the caging and grasping and analogously proposed the concepts of pregrasping and grasping cages. Seo et al. [35] proposed a caging method in which the curved-contact-surface effectors are used, which employ a similar strategy of using the parallel-jaw effectors to clamp the antipodal pairs of convex polyhedral objects. Inspired by Rodriguez et al. [34] , [35] , we propose a novel caging-pair method that utilizes the dual-arm simulator with the hollow-shaped effector pairs to capture the nongraspable objects. Subsequently, we will discuss the caging-pair principle, the design methodology of the end-effectors, and the concept of caging compatibility.
A. Related Concepts and Principle of Cage Pairs
As a tradeoff method, caging aims at constructing obstacles to confine an object; hence, caging differs from grasping. An intuitive example of caging and grasping is illustrated in Fig. 7 . Fig. 7 (a) shows a typical caging in which four point effectors form a closed-planar region to constrain a 2-D object. By contrast, Fig. 7(b) shows a form-closure grasping in which the locations of four contact points on the object can completely immobilize the object according to its geometric constraints. Meanwhile, the stable static equilibrium condition can be guaranteed if the contact model is based on the following ideal and conservative assumptions: all contacts are frictionless and rigid and each contact force f i (i = {a, b, c, d}) is normal to the surface [34] . In the above example, four point effectors are used; hence, a simple strategy is to use a hollow-shaped effector to replace each pair of point effectors. An example of using a pair of hollow-shaped effectors to cage a 3-D object is presented in Fig. 8 . Fig. 8(a) illustrates the pregrasping cage, in which two circular effectors can squeeze inward (or stretch outward) while the object cannot escape. Fig. 8(b) illustrates the grasping cage in which two circular effectors move to the limit position of the squeezing motion. Based on the ideal contact, for the grasping cage, the external force and torque that act on the object sum to zero. It should be noted that the caging does not absolutely immobilize an object. In some cases, it allows the object to maintain the DoFs; for example, the object in Fig. 8(b) can rotate around axis ξ. The proposed method is based on the geometric principle that is illustrated in Fig. 8(a) in which l is the distance between the antipodal pair of objects and δ is the distance between the cage pairs. Similar to the strategy of using the curved-contact-surface effector pairs [35] , if condition δ < l is satisfied, the object can be caged using the dual-arm robots.
Generally, the dual-arm motion strategies can be classified as symmetric or asymmetric [36] . For the symmetric motion, both arms play the same role; the asymmetric motion is a more general manner in which each arm performs a different role, such as in assembly or machining tasks [37] . In the outer space, considering the particularity of caging nongraspable objects, we choose the symmetric capture motion based on two reasons. One reason is due to the physical property of floating objects in space, i.e., if we let one arm touch the floating object first, it may induce the motion or rotation of the object. On the other hand, the proposed method cannot hold objects rigidly, so symmetric capture motions [38] are more suitable for the dual-arm space robots to cage objects. In addition, the end-effector is important in our method and a geometric methodology of designing endeffectors will be presented in the following.
B. Methodology for the Design of the End-Effectors
The antipodal pairs of the nongraspable objects include the vertex-vertex, edge-edge, and vertex-face pairs, which are regarded as geometrical features to be caged. A simple methodology from clamping to caging is proposed to design the endeffectors. As illustrated in Fig. 9 , represents a plane and there exist four parallel planes: P , G, C, and B. In Fig. 9(a1) , (b1), and (c1), P and B can be regarded as two parallel-jaw effectors that form a clamp [39] for capturing an object. Although they appear to realize static equilibrium under the conservative contact model, they may become unstable if the parallel-jaw effectors are misaligned slightly. Here, we assume that if the element of the antipodal pairs is a convex hull, then the parallel-jaw planes can be squeezed to penetrate the object, namely, P can be moved to G, and B can be moved to C. Geometrically, this penetration process involves a process from clamping to caging and the intersecting lines (or the intersecting line and contact face) can cage the objects. As illustrated in Fig. 9(a2) , (b2), and (c2), a series of hollow-shaped end-effectors (including circular, triangular, and rectangular effectors) are designed. Here, the distance between P and B denoted as d(P, B) = l is the distance between the antipodal pair, and the distance between G and C denoted as d(G, C) = δ is the distance between the caging pair. The caging condition is satisfied, namely, Δd = d(P, B) − d(G, C) > 0 ⇔ δ < l; thus, objects are captured by the geometric cage pairs.
C. Caging Compatibility Evaluation Index
In this section, a caging evaluation index will be introduced. The dual-arm coordinated manipulation is needed in forming a robotic cage, which can usually be categorized into the goalcoordinated and bimanual manipulation [40] . For the bimanual manipulation, at least one of the arms grasps the object rigidly, and the dual-arm robot and the grasped object usually form a closed chain. Also, it should satisfy some constraints, so the relative motion equation between the object and the arms can be derived [37] . For caging the nongraspable objects, it belongs to the goal-coordinated manipulation. As shown in Fig. 8(a) , the space object is floating in the pregrasping cage and the endeffector cannot hold the object rigidly in which the dual-arm robot and the object form an open chain. Thus, it is necessary to plan the joint configuration of the pregrasping cages with desired capturing capability for realizing a stable grasping cage.
Yoshikawa [41] proposed the velocity and force manipulability ellipsoids (together with the duality property) to describe the velocity and force transmission characteristics of robotic mechanisms and used the manipulability ellipsoid volume as a performance index to optimize the joint configurations. Chiacchio et al. [42] extended the velocity and force manipulability ellipsoids to evaluate the performance of the dual-arm cooperative robots. Lee [43] proposed a dual-arm manipulability ellipsoid based on the volume of intersection between two individual manipulability ellipsoids. Park and Lee [44] proposed a performance index based on the extended-cooperative-task space representation to optimize the joint configurations for dual-arm manipulation. Actually, the above cooperative manipulability indexes [42] - [44] are designed for the closed-chain bimanual manipulation manner. As shown in Fig. 8(b) , realizing a grasping cage must exert a squeezing action on the antipodal pairs of objects. Thus, for caging objects, the motion and force need to be considered simultaneously in the assigned directions. Chiu [45] derived the manipulability transmission ratio (MTR) in an assigned direction and proposed the task compatibility index by combining the velocity-MTR (V-MTR) and the force-MTR (F-MTR) with different weight coefficients. Based on the Chiu's work, we propose a caging compatibility index for the cagingpair capture as
where the scalar C is the caging compatibility index for characterizing the dual-arm capture capability along each assigned direction in the current configuration; for arm-k, k = {a, b}; C(θ k ) is a normalized index of a single arm, which can eliminate the different orders of magnitude of the V-MTR and F-MTR caused by the arm size; u k is the unit vector of the assigned direction; α(θ k ) and β(θ k ) are the V-MTR and F-MTR in the direction of u k , respectively; α k min and α k max are the minimum and maximum values of the V-MTR in the joint space, respectively; β k min and β k max are the minimum and maximum values of the F-MTR in the joint space, respectively; and λ k v and λ k f are the weight coefficients that correspond to the V-MTR and F-MTR, respectively, which satisfy constraints:
Due to the duality property, we know that the velocity and force ellipsoids have the same principal axes but their corresponding dimensions are reciprocal relations. It should be noted that the definition of (14) is not in conflict with the duality property because the proposed convex index is based on the V-MTR and F-MTR. As the MTR describes the manipulability along the assigned direction, which is not the same with the principal axis of the manipulability ellipsoid, the duality property does not suit the V-MTR and F-MTR. Meanwhile, the V-MTR and F-MTR are not reciprocal relations and it exists that both V-MTR and F-MTR of configuration-A are higher than those of configuration-B, which can be proven with the subsequent analysis results. Next, we will use the caging compatibility index to optimize the joint configuration of the pregrasping cage, and we will prove that the proposed index is not equivalent to maximizing the ellipsoid volume or a single V/F-MTR.
V. CAGING ANALYSIS AND EXPERIMENTS

A. Configuration Analysis of the Pregrasping Cages
For steady communication between the space robot and earth, the attitude of the base should be stabilized [28] . Thus, in this study, we assume that the base keeps an assigned attitude and the shape and pose information of the objects can be measured. However, the relative position relationship between the base and the object is not certain, i.e., the berth position of the base [8] is not determined. Therefore, there may exist many feasible pregrasping cages for the same object. In Fig. 10 , for simplicity, we set Σ I and Σ 0 have the same orientation; r 0 represents the berth position; and P k 0i , P k 0E , and P 0T represent the position vectors from Σ 0 to J k i , Σ k E , and Σ T , respectively. Based on the caging compatibility and the relative attitude and distance constraints between the antipodal pair of objects, the problem of planning the pregrasping configuration θ = [θ aT θ bT ] T for caging objects can be formulated as the following optimization problem:
Subject to :
where C d is the desired caging compatibility index; l k i is the position vector of body i of arm-k (k = {a, b}), l k i = a k i + b k i ; θ k E is the attitude angle of the end-effector of arm-k; n(θ k E ) and s(θ k E ) are the unit frame vectors of Σ k E ; u k is the pregrasping direction of arm-k; and θ k min and θ k max are the minimum and maximum joint vector values, respectively, of arm-k. For this capture task, if θ is determined, we can obtain P 0T , r 0 , P k E , and θ k E . The detailed calculation and derivation are given below. For the proposed simulator, there are six undetermined variables in the configuration space for planning the optimal pregrasping configuration. Equation (17) presents the position and attitude constraints of capturing the object, which include four equality constraints. Thus, there are only two free variables in this problem. In this study, θ a 1 and θ a 2 are selected as the free variables, and other joint variables, namely, θ a 3 , θ b 1 , θ b 2 , and θ b 3 , can be calculated according to the geometrical relationships in Fig. 10 and the symbol definitions in Table I as
where c k 1 = cos(θ k 1 ), c k 12 = cos(θ k
. Furthermore, the following equations are obtained as: FIG. 10(A) where θ b 2 may have two solutions, which are denoted as θ b 2 (1) and
As shown in Fig. 10(a 
Similarly, angle ϕ can be calculated via
Furthermore, we can deduce
where θ b 1 and θ b 3 have two solutions, similar to θ b 2 . According to the preceding analysis, only two free variables need to be determined in this problem. In addition, for the numerical computation, it is not necessary to obtain the absolute optimal pregrasping configuration. Typically, the near-optimal pregrasping configurations are suitable for the capture task. Based on the Monte Carlo method, an algorithm of planning the near-optimal pregrasping configurations via optimizing the caging compatibility index is introduced as follows.
In Table II , as illustrated in Fig. 11 . The V-MTR and F-MTR distribution contours of arm-a and arm-b can be obtained according to (15) and (16) , as illustrated in Fig. 12 . Here, when θ k E is known, we can calculate θ k 3 according to the condition θ k
Thus, if the ranges of θ k 1 and θ k 2 are specified, the corresponding MTR of arm-k can be calculated. Meanwhile, the lower and upper boundaries in the configuration space can be determined from the joint angle range of θ k 3 and, herein, only the feasible area in the configuration space is available for determining the joint configuration, as illustrated in Fig. 12 . Next, the proposed algorithm will be (33) . applied to optimize the near-optimal pregrasping configuration in the capture analysis and experimental tests.
B. Simulation Studies
Five simulation studies on caging the nongraspable objects are conducted in this section. As illustrated in Fig. 9 , three objects are captured by three geometric cage pairs. The rectangular cage pair will be used to capture the nongraspable object in Fig. 1(b4) and the circular cage pair will be used to capture the nongraspable object in Fig. 1(b5) . Two types of the desired caging compatibility are defined according to the symmetry of objects and the concept of caging pairs. The first is the caging pair with the same MTRs [such as in Fig. 9(b) and (c)]. We observe the process from the pregrasping cage to the grasping cage in which P moves to G, and B moves to C over the same distance. Thus, when we plan a pregrasping cage configuration, arm-a and arm-b should have the same V-MTR and F-MTR, namely, λ a v = λ b v and λ a f = λ b f . For the second one, namely, the caging pair with different MTRs [such as Fig. 9 (a)], P moves a long distance to G and B moves a short distance to C; hence, the weight coefficients are different, namely, λ a v = λ b v and λ a f = λ b f . Thus, different caging compatibility will be used to optimize the pregrasping configuration. For caging the nongraspable objects [see Fig. 1(b1 Fig. 1(b5) ], the desired weight coefficients are set as λ a v = λ b v = 0.5 and λ a f = λ b f = 0.5; hence, the V-MTR and F-MTR for the two arms are deemed equally important. Here, for the simulation studies, the V-MTR and F-MTR boundaries can be obtained directly from Fig. 12 , where α a min = α b min = 0.085, α a max = α b max = 0.31748, β a min = β b min = 3.14437, and β a max = β b max = 11.76433. According to Algorithm 1, the near-optimal pregrasping configurations can be obtained. Also, it is necessary to determine a suitable sampling number for the proposed algorithm. Here, the number of sampling points of the Monte Carlo algorithm, namely, n S , is set as 500, 1000, 2000, and 4000, respectively, and the analysis results are listed in Table III . The caging compatibility indexes are nearly equal in each group. Meanwhile, all the results in Table III have been verified using the MATLAB robotics toolbox [46] . In the second group, the simulation with 1000 sampling points outperforms that with 2000 sampling points. The main reason is that the Monte Carlo simulation is a random experiment. Therefore, increasing the number of sampling points does not always guarantee an improved simulation result. Moreover, we conduct ten independent trials with four sampling numbers and the average values of the caging compatibility are listed in Fig. 13 . The results demonstrate that our algorithm is efficient and the near-optimal solutions can be obtained when the number of sampling points is equal to or larger than 500. Meanwhile, as we mentioned before, V-MTR and F-MTR are not reciprocal relations, such as the V-MTR and F-MTR of arm-b in the third group with 500 sampling points, where α(θ b ) × β(θ b ) = 0.6330. It exists that both V-MTR and F-MTR of configuration-A are higher than those of configuration-B. For example, in the second group, both V-MTR and F-MTR of arm-b configuration with 4000 sampling points are higher than those with 2000 sampling points. Meanwhile, using the caging compatibility index is different from using a single V-MTR or F-MTR index. For example, in the first group, the sum of V-MTRs of both arms with 2000 sampling points is higher than that with 4000 sampling points, but the analysis results are opposite.
C. Experimental Verification
The aim of the experimental tests is to evaluate the robustness and performance of our caging-pair method. As shown in Fig. 14 Table III with 500 sampling points are used to design the joint configuration of The snapshots in Fig. 15 show the dual-arm space robot simulator caging the nongraspable objects. The rectangular and circular effector pairs capture the nongraspable objects in the presence of shape uncertainties. The last snapshot in each test is captured after the support has been removed and each object remains in the robotic cage, despite the gravitational force. In total, ten independent tests are conducted to evaluate the task success rate of the proposed method and the results are listed in Table IV . Here, based on our analysis of the test processes, we conclude that the larger the distance difference (Δd = d(P, B) − d(G, C)) is, the higher the capturing task success rate will be. For the failed tests, the main reasons are the effect of gravity (when we remove the bases, the equilibrium condition is not satisfied) and asynchronous motions of the two arms (due to abnormal communication from the control system). In summary, the results demonstrate the superior performance of the proposed method in capturing the nongraspable objects.
VI. CONCLUSIONS AND FUTURE WORK
In this article, we provide a new insight into the capture of nongraspable space objects, namely, objects without any graspable features. A caging-pair method is presented for capturing the nongraspable space objects and the main strategy is to use a series of hollow-shaped effector pairs to form the robotic cages for capturing objects. Due to its simple capturing principle and mechanism design, the proposed method has the intrinsic advantages of high robustness and reliability. For caging objects with a desired capture capability, the concept of caging compatibility, its corresponding index, and a planning algorithm are proposed for planning the near-optimal pregrasping configurations of the dual-arm space robot. Ten independent simulation trials are conducted on five typical nongraspable objects, and the analysis results demonstrate that the proposed planning algorithm is effective. A near-optimal solution can be obtained when the number of sampling points in the Monte Carlo algorithm is equal to or larger than 500. Accordingly, five groups of experimental tests are conducted to practically evaluate the proposed method using three types of the hollow-shaped effector pairs. The experimental results demonstrate that the proposed method performs robustly and reliably on the nongraspable objects, with an average success rate of 86% in the capturing tasks.
Furthermore, with the qualitative comparative analysis, the proposed method has the following advantages. 1) Compared with the tether nets [18] , [19] , tether grippers [20] , [21] , and unit-type caging methods [22] , the proposed end-effectors are affixed at the end of robotic arms to form a combined cage; hence, it is a simpler and easier-to-implement caging method with the high reusability and reliability. 2) For a robotic tentacle [23] , it is difficult to capture the nongraspable object in Fig. 1(b3) , whereas the proposed method easily handles that object with dexterous manipulability. 3) Compared with the adhesive grippers [3] , [17] , the proposed end-effectors have a simpler mechanism design and they are robust and stable against the roughness and irregularity of objects in the space environment. In contrast, it is difficult for adhesive grippers to capture an object that has a rough surface, such as that in Fig. 1(b5) . Currently, our experiments are conducted in the 2-D space. Our end-effector prototypes have some limitations and the contact force is not considered in the capture task. In the future, we will explore an automatic replacement interface mechanism and the structure optimization of the end-effectors and combine the proposed method with the compliant control using industrial robots equipped with force/torque sensors in the 3-D space.
